2. Genotypes of merozoite surface protein 2 of Plasmodium falciparum in Tanzania by Felger, I. et al.
TRANSACTIONS OF THE ROYAL SOCIETY OF TROPICAL MEDICINE AND HYGIENE (1999) 93, SUPPLEMENT 1, S1/3-S119 s113 
Epidemiology of multiple Plasmocfium falciparum infections 
2. Genotypes of merozoite surface protein 2 of Plasmodium falciparum in 
Tanzania 
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Abstract 
The merozoite surface protein 2 (MSP2) of Plasmodium falciparum is extremely polymorphic: 82 different 
msp2 alleles were found in 4 studies of molecular epidemiology conducted in Tanzania. This diversity 
renders msp2 suitable as a marker gene for the genotyping of I? falciparum infections. Amplification of 
msp2 by the polymerase chain reaction (PCR), and subsequent restriction digests of the PCR product 
@‘CR-restriction fragment length polymorphism genotyping), has proved to be an informative tool for 
enumerating multiple concurrent infections in a blood sample, and distinguishing individual alleles. De- 
pending on the specific questions asked in a genotyping study, analytical techniques of different degrees 
of complexity are employed. The restriction fragments resulting from a single Hinff digest generally allow 
the enumeration of multiple concurrent infections and the determination of their allelic families.When a 
restriction pattern is too complex to be resolved, owing to the high number of concurrent infections, or 
due to the appearance of previously undescribed alleles, one or more additional digests (DdeI, RsaI, S&I) 
may be necessary. To determine individual alleles unequivocally, in particular in longitudinal studies, 
when several consecutive samples need to be compared with each other, a more detailed analysis involving 
all 3 additional digests is applied. The methodological experience and results gained in 4 epidemiological 
field studies involving msp2 genotyping are summarized. We also provide the HinfI restriction patterns and 
some nucleotide sequences of the alleles found so far in our studies inTanzania. 
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Introduction 
Alleles of the merozoite surface protein 2 (MSP2) are 
grouped into 2 allelic families according to the dimor- 
phic structure of the variable non-repetitive region 
(SMYTHE et al., 1990). The extensive diversity is due to 
an allele-specific central region which comprises tan- 
dem repeats of varying size. Differences in the number 
of copies of these repeats result in length polymorphism. 
These characteristics of msp2 have been exploited by 
several genotyping methods. Common to all methods of 
msp2 genotyping is a polymerase chain reaction (PCR) 
amplification of a central part of the msp2 gene, which 
comprises the allele-specific repetitive region and con- 
served flanking sequences. The major methods used for 
msp2 genotyping are (i) analysis of size polymorphism 
with subsequent hybridization with family-specific 
probes (FOLEY et al., 1992; BABIKER et al., 1994; 
NTOUMI et al., 1995; VIRIYAKOSOL et al., 1995), or (ii) 
restriction frament lenti nolvmomhism (RFLI? of 
the amplified product (l%LG%Ret al., 1993) .’ The Asp2 
gene has been used extensively as polymorphic marker 
gene in field studies in different geographical locations 
within either a multilocus analysis or single locus analy- 
sis. All studies showed extensive polymorphism at this 
locus, even in areas of low endemicity. 
The use of msp2 as marker has proven to be of great 
use when individual Plasmodium falciparum infections 
need to be identified. PCR-RFLP genotyping of para- 
sites for msp2 makes it possible to distinguish the indi- 
vidual parasite infections concurrently present in a 
blood sample. The possibility of tracing individual par- 
asite clones over time allows detailed studies of infec- 
tion dynamics. In immunological studies, genotyping 
can also provide important information on the diversity 
of antigenic challenge. Most importantly, genotyping 
makes it possible to determine the multiplicity of infec- 
tion, which can be used as an outcome measurement of 
interventions such as drug trials, vaccine trials, or expo- 
sure-reducing interventions. 
The msp2 gene is not only an extremely polymorphic 
marker gene, but its product is also a vaccine candidate. 
MSP2, as part of a subunit vaccine, is currently under 
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field trial in Papua New Guinea (PNG) (GENTON et al., 
1996). Two genotyping studies from PNG have already 
shown that the 2 allelic families of msp2 are differently 
associated with morbidity (ENGELBRECHT et al., 1995; 
AL-YAMAN et al., 1997). Thus, using msp2 for genotyp- 
ing offers both genetic diversity for high resolution typ- 
ing and additional information on the biological role 
and significance of MSP2 as an immunological target. 
In this paper we describe in detail the PCR-RFLP geno- 
typing technique and its possible applications, as well as 
the diversity and RFLP patterns of the msp2 alleles de- 
tected so far in blood samples from Kilombero District, 
Tanzania. 
Methods 
Extraction of deoxyribonucleic acid 
Infected erythrocytes (RBC) from samples of packed 
cells (stored at -2OOC) were used for isolation of parasite 
deoxyribonucleic acid (DNA). After thawing the pel- 
lets, 5 PL of packed cells (equivalent to about 12.5 PL 
of whole blood) were added to 50 PL of 4 M guanidine 
isothiocyanate containing 25 mM sodium citrate (pH 
7.0) and 0.5% sodium sarcosylsulphate; 5 FL of 2 M so- 
dium acetate (pH 4.4) were then added. The mixture 
was left on ice for 10 min and then extracted once with 
100 PL of phenol (pH 8.0):chloroform (1: l), precipitat- 
ed with isopropanol and resuspended in 50 pL of dis- 
tilled water. 
PCR ampltjication 
Both a primary and a nested PCR were performed 
with each sample. For the primary PCR, 5 FL of the ex- 
tracted DNA (corresponding to 0.5 & of RBC pellet) 
were added to 95 @of reaction mix including 1.5 units 
of Taq polymerase (Gibco BRL Life Technologies), 50 
mM potassium chloride, 10 mM Tris-HCl (pH 8.8), 1.5 
mM magnesium chloride, 0.2 mM of each deoxynucleo- 
tide (dNTP), and 0.5 mM of each primer. The primer 
pair for the primary PCR corresponded to nucleotides 
3-23 and 789-8 11 from the 5’ and 3’ conserved retion 
of the MAD71 sequence of msp2 (FOLEY et al., 1952). 
The PCR conditions were 5 min at 94°C followed by 30 
cycles of 30 set at 94”C, 2 min at 55”C, and 2 min at 
70°C. Two PL of the primary PCR product were re- 
amplified in a nested reaction (total volume 100 pL) 
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with nested primers (FOLEY et al., 1992) corresponding 
to nucleotides 111-129 and 709-728 of the same se- 
auence. The cvcle conditions for the nested PCR were 
the same as &ose for the primary reaction. In earlier 
msp2 genotyping studies in PNG, PCR conditions with 
a lower annealing temperature, according to FOLEY et 
al. (1992), were used. However, due to the complexity 
of Tanzanian l? falciparum infections, a higher anneal- 
ing temperature -was- chosen to increase specificity, in 
suite of reduced vields of PCR nroducts. The nested 
PCR products w&e separated on g 10% polyacrylamide 
(PAA) gel. Samples from which no detectable PCR 
product was obtained were re-examined at least once, 
starting from the DNA preparation. For quality control, 
DNA extraction, both rounds of PCR, and restriction 
digests were repeated with 10% of all samples. 
leles of the same family. Only rare point mutations with- 
in a HinfI site, or the appearance of a new repeat type in 
the FC27 family, were found to cause deviations from 
the ubiquitous family-specific restriction fragments. In 
all other cases, size deviations were caused by crossing 
over between alleles of different families. The family- 
specific restriction fragments resulting from Hinfl di- 
gests of FC27-type alleles are 2 fragments with lengths 
of 137 bp and 115 bp, and of 3D7-type alleles, 2 frag- 
ments of 70 bp and 108 bp. Fragments of these sizes can 
easily be discriminated on a 10% PAA gel. Thus, either 
one pair of fragments or the other indicates the presence 
of at least one allele of the respective allelic family. If 
both fragment pairs appear in one sample, at least one 
allele of each family is present. The total number of dif- 
ferent alleles found in a given blood sample is deter- 
mined by the remaining Hinff restriction fragments 
which form an allele-specific pattern. The restriction 
patterns of individual alleles are described below. 
Restriction digests 
Nested PCR products were routinely digested with 
Hinff for 2 h and then run on 10% PAA gels (BRL V16) 
using 1 mm spacers. The separation was improved if the 
gels were prepared at least one day before use. Gels 
were stained with ethidium bromide and photographed 
or electronically recorded. Fragment sizes were estimat- 
ed by comparison with a DNA-size marker (1 kb ladder, 
Gibco BRL Life Technoloeiesl. If samnles from lonei- 
tudinal studies were to becohpared &th each other, 
they were run side by side on the gel. When a higher dis- 
criminatory power of the RFLP pattern was desired, 
usuallv in the case of new alleles or ambiauities. addi- 
d v _ 
tional DdeI, RsaI and ScrFI restriction digests were per- 
formed. When direct comparison of RFLP patterns 
with those of already defined alleles was needed, restric- 
tion digests of both the known and the unknown PCR 
produc; were repeated, and run side by side on a PAA 
gel. Similarly, when consecutive blood samples from a 
longitudinal study had to be compared with each other, 
the digested PCR products of these samples were run 
on the same gel side by side, in order to identify size dif- 
ferences of a few nucleotides. 
Results 
Diversity of Tanzanian msp2 alleles 
We performed several genotyping studies with blood 
samples from Ifakara or neighbouring villages in Tanza- 
nia. In all studies the same PCR-RFLP typing method 
was used. Taking the 4 studies listed in Table 1 togeth- 
er, 3506 individual infections with l? falciparum were 
Table 1. Comparison of numbers of different 
ms92 alleles of Plasmodium falciparum found in 
four studies of children from the Kilombero 
valley, Tanzania 
Reference 
Total no. of 
individual No. of No. of No. of 
l?f&iparum different FC27-type 3D7-type 
infections alleles alleles alleles 
IRIONerd. (1997) 1034 58 26 
BECK er al. (1997) 292 51 18 
FELGER et ai. (1948) 365 50 
FRASER-HURT et al. (1999) 1815 
ii 
it ii 
Total 3506 41 41 
genotyped. In these samples, 82 different msp2 alleles 
were detected, ofwhich 41 belonged to the FC27 family 
and 41 to the 3D7 family. 
Principles of lXR--RFLP genotyping 
To determine the number of concurrent infections 
per blood sample (multiplicity of infection), or to dis- 
criminate whether an allele belongs to the 3D7 or FC27 
allelic family, only a single restriction digest (Hinfl) is 
performed on the nested PCR product of the msp2 gene. 
;The dimorphic region of msj2 shows familylsp&ific 
HinfI restriction sites which are located in the variable 
non-repetitive region and which are shared by most al- 
FC27 family of msp2 alleles 
Table 2 lists all 41 FC27-type alleles found in these 
studies, their restriction fragments obtained after Hi&I 
digestion of the nested PCR product, and the Gen- 
bankTM accession numbers of those alleles already se- 
quenced. Some alleles contained more than one 96 bp 
Hinff fragment, as indicated in Table 2. A 96 bp Hi&I 
fragment is generated if an allele contains at least 2 cop- 
ies of a 96 bp repeat unit in tandem array. Therefore, 
the actual number of repeats equals the number of 96 
bp fragments + 1. 
Hi&I restriction digestion of a nested PCR product of 
FC27-type alleles normally produces 2 conserved frag- 
ments of 137 bp and 115 bp, which represent the 5’ and 
3’ ends of the amplification product, respectively. A se- 
lection of Hinff digested FC27-type alleles from Tanza- 
nia is shown in Fig. 1. The family-specific fragments 
(115 bp and 137 bp) are present in all alleles in lanes 
Wos6 to Kl. Two repeat units (96 bp and 36 bp) are 
characteristic of all FC27-type alleles. At least one copy 
of each repeat is normally present in an allele of the 
FC27 family, while different alleles vary in the number 
of copies of 96 bp and 36 bp repeats present in the cen- 
tral region of the PCR product. Thus, this central re- 
gion gives rise to allele-specific restriction fragments. 
Fig. 1. Hinff restriction patterns of selected FC27-type msp.2 al- 
leles of Plasmodium falciparum from Tanzania. Restriction fiag- 
ments were separated on a 10% PAA gel. The fragment sizes 
and GenbankTM accession numbers of these alleles are listed in 
Table 2. Lane M: DNA size marker (1 pg of 1 kb ladder, Gibco 
BRL Life Technologies); lanes Wos6 and DlO: alleles with 4 
copies (Wosd) or 2 copies (DlO) of the 96 bp repeat; lanes 
Ifa46-Kl: increasing copy numbers of the 36 bp repeat ranging 
from Ifa (1 copy) to Kl (5 copies); lanes Ifal-Ifa23: increas- 
ing numbers of the 9 bp NAP repeat with 2,6,8 and 23 copies, 
respectively; lanes Ifa and Ifa42: recombined alleles. 
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Table 2. Details of 41 msp2 genotypes of the Plasmodium falciparum FC27 allelic family fromTanzania 
GenbankTM HintI restriction fragments 
msp2 genotypes accession no. (no. of base pairs) 
DlO JO3828 1x96 115 137 162 
Ifa 1 AF010462 - 115 146 234 
Ifa - - 115 308 162 
Ifa - - 115 137 378 
IfalO - 115 164 162 
Ifal 1 AF010454 - 115 200 198 
Ifal AF010455 - 115 182 162 
Ifal4a AF010456 2x96 115 131 162 
Ifal - - 115 218 162 
Ifal - - 115 146 270 
Ifal 
AF010457 
1x96 115 146 126” 
Ifal - 115 239 162 
Ifa AF010463 - 115 335 162 
Ifa - 2x96 115 106+31 126b 
Ifa - - 115 137 342 
Ifa 1x96 115 191 162 
Ifa 1 AF010458 - 115 191 198 
Ifa - 1x96 115 137 198 
Ifa - 1x96 115 137 15ob 
Ifa - - 115 191 234 
Ifa - - 115 218 198 
Ifa - - 115 137 126b 
Ifa 
AF010459 
- 115 245 162 
Ifa 1 115 272 198 
Ifa42a AF010460 - 115 31+82 162 
Ifa - - 115 - 371 
Ifa - - 115 146 306 
Ifa 
AF01046i 
3x96 115 137 162 
Ifa - 115 137 162 
Ifa47a - 1x96 115 -90 126b 
Ifa - - 115 254 162 
Ifa - - 115 173 198 
Ifa 1 - 1x96 115 137 234 
Ifa - - 115 263 162 
Ifa - 2x96 115 137 126b 
Kl M59766 - 115 137 306 
WoslO uo7010 - 115 137 198 
Wosl2 U16696 - 115 137 270 
wos3 uo7003 - 115 137 234 
Wos6 UO7006 3x96 115 137 126b 
wos7 uo7007 2x96 115 137 162 
Cross-over. 
bDeletion. 
Due to variation in the copy number of a 36 bp repeat, 
between one and 7, the largest HinfI fragment in FC27- 
type repeats varies from 162 bp in Ifa to 378 bp in 
Ifa4. Lanes Ifa to Kl in Fig. 1 represent a selection of 
alleles, which differ only in the number of the 36 bp re- 
peats present. The smallest allele, Ifa46, has one copy of 
the repeat, and the longest allele, Kl, has 5 copies. A 96 
bp HinfI fragment (as seen in Fig. 1, lanes Wos6 and 
DlO) represents 2 or more copies of the 96 bp repeat 
unit. 
In many FC27-type msp2 alleles from Tanzania, a 
third repeat type was discovered, which increased the 
size of the family-specific 137 bp HinfI fragment at the 
3’ end of the amplification product (ORION et al., 1997). 
Substituting for the 137 bp fragment, new fragment siz- 
es were generated by different copy numbers of this 9 bp 
repeat encoding the amino acids asparagine (N), 
alanine (A) and proline (I’). As a result, the size of this 
normally conserved fragment can range from 146 bp in 
Ifal, 182 bp in Ifa13, and 200 bp in Ifal 1 up to 335 bp 
in Ifa (see Fig. l), which contains 23 copies of the 
NAP repeat. 
307 family of msp2 alleles 
Hinfl restriction digestion of a 3D7-type allele pro- 
duces 2 conserved restriction fragments of 70 bp and 
108 bp, which both derive from the 3’ end of the msp2 
nested PCR product. One further large Hinfl fragment 
is obtained, which varies between alleles. Individual al- 
leles were named according to the size of this fragment, 
e.g. 3D737o. Other, unusual restriction patterns can al- 
so, though rarely, be found in this allelic family, mostly 
due to point mutations, creating new HinfI restriction 
Table 3. Details of 9 msp2 genotypes of the 
Plasmodium falciparum 3D7 allelic family from 
Tanzaniaa 
msp2 Genbank*M H&I restriction fragments 
genotype accession no. (no. of base pairs) 
Ifa - 70, 108, -550 
Ifa 
Ifa AF033860 
51,70, 108, -310 
51,70, 108,386 
Ifa - 51, 70, 108, -400 
Ifa 70, 23, 85, -370 
Ifa AF033859 70, 108,266 
Ifa - 51,70, 108, -290 
Ifa - 51,70,108, -330 
Ifa - 70, 108, -250 
aOnly genotypes with unusual restriction fragments are listed. 
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sites. 3D7-type alleles with deviations from the con- 
served Hi&I pattern are listed in Table 3. 
Recombinant forms between the two allelic families 
Alleles which represent recombinatidns between the 
FC27 and the 3D7 families have also been found in 
Tanzanian blood samples. These recombinations are 
revealed in Hinff restriction fragment analysis bv their 
unusual fragment lengths. The Fr;nff restriction digests 
of 2 recombinant alleles (Ifal8. Ifa42) are shown in Fie. 
1. Nucleotide sequencing revealed that, in all examplk 
analysed so far, the site of recombination was located at 
the 5’ end of the 96 bp repeat unit (ORION et al., 1997). 
In all recombinations for which sequence data are ac- 
cessible, the 5’ end was derived from a 3D7-type allele, 
and the 3’ end was of the FC27 type. PCR products of 
msp2, representing recombination between the 3D7 and 
the FC27 allelic families, are grouped with FC27-type 
alleles and listed in Table 2, because they contain main- 
ly FC27-type sequences, in particular the FC27 family- 
specific 36bp and 96bp repeats. 
Multiple infections in Tanzanian blood samples 
To illustrate the use of our RFLP genotyping method 
for l? falciparum infection in Tanzanian blood samples, 
an example of a multiple infection (multiplicity of 4) is 
shown in Fig. 2. The photograph shows Hinfl restric- 
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Fig. 2. HinfI digest of msp2 alleles of a Plasmodium falciparum 
multiple infection from a Tanzanian blood sample, which 
shows a multiplicity of 4 concurrent infections. In order to 
demonstrate how a complex restriction pattern is analysed, di- 
gests of corresponding alleles (Wos7-3D7& were loaded be- 
side me RFLP pattern of the multiple infection. Lane Ml: 1 ug 
of 1 kb ladder (Gibco BRL LifeTechnologies); lane M2: 1 ug 
of 100 bp DNA marker (Gibco BRL Life Technologies). 
tion digests separated on a 10% PAA gel. The fifth lane 
represents a naturally-occurring mixed infection in a 
Tanzanian blood sample. The restriction patterns of all 
4 individual alleles contained in this mixed infection are 
shown separately in lanes Wos7, Wosl2, WoslO and 
3D7400. 
When analysing multiple infections, the intensity of 
ethidium bromide staining of individual bands in the 
FAA gel has to be considered. All Zfinff fragments of an 
allele show the same intensity, and can therefore be 
grouped together. Fragments which are shared by sev- 
eral alleles also appear as dominant bands, as can be 
seen in the mixed sample in Fig. 2. Here the 115 bp and 
137 bp HinfI fragments stood out as the strongest 
bands, because these 2 fragments were present in 3 of 
the 4 co-infecting alleles. Wos7 (Fig. 2) contained 3 
copies of the 96bp repeat, resulting in two 96 bp HinfI 
fragments, indicated by the increased intensity of stain- 
ing of this fragment compared to the other Hinff frag- 
ments of this allele. 
Additional restriction digests increase the resolution of the 
genotyping scheme 
In some studies, not only multiplicity and allelic fam- 
ily were to be determined, but it was also necessary to 
trace individual alleles in consecutive blood samples. 
For this purpose, a more complex genotyping technique 
was applied, involving 4 different restriction digests and 
side-by-side runs of the samples to be compared on the 
gel. Because the variable, allele-specific Hinfl fragment 
of 3D7-type alleles is too large (250-550 bp) to identify 
an allele unequivocally by gel electrophoresis, further 
restriction digests (DdeI, RsaI, ScrFI) are necessary, 
which yield smaller and allele-specific fragment sizes. 
This allows further differentiation between 3D7-type 
alleles producing a Hinfl fragment of similar size (differ- 
ences x10 bp). The conserved and variable restriction 
fragments resulting from RsaI, DdeI and ScrFI digests of 
3D7-type alleles have been described earlier (FELGER et 
al., 1994). These additional restriction digests are gen- 
erally done if infections from different blood samples 
need to be compared to each other. Further restriction 
digests, in addition to Hinff, are also useful for the de- 
termination of recombinant, new, or 3D7-type alleles. 
These extra digests increase the discriminatory power of 
this genotyping scheme considerably and allow the 
identification of individual alleles. 
Potential use of msp2 genotyping by PCR-RFLP 
The potential of PCR-RFLP typing for direct com- 
parison of blood samples is shown in Fig. 3. This exam- 
----Ode I-~ ,--- Hinf I ----. i -Rsa I j ! ScrF I 1 
Fig. 3. Comparison of 4 subsequent blood samples (days A, B, 
C, and D) from a patient infected with Plasmodium falciparum 
and participating in a longitudinal drug efficacy study. A and B 
show genotypes of parasites at baseline, C and D represent par- 
asites appearing after treatment. PCR products of msp2 were 
digested with the restriction enzymes DdeI, Hinff, RsaI, and 
ScrFI.The resulting fragments were separated side by side on a 
10% PAA gel. On days C and D, all baseline genotypes had dis- 
appeared, while 2 new genotypes were found. Lane M: 1 ug of 
1 kb ladder DNA marker (Gibco BRL Life Technologies). 
ple derives from a drug test, in which recrudescent and 
new infections were discriminated (&ION et al., 1998). 
Each lane represents a consecutive blood sample from 
the same donor. In this example, baseline samples A 
and B (days 0 and 3 were defined as baseline) clearly 
showed RFLP patterns different from samples C and D. 
Sample A contained 4 different infections, 2 of which 
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belonged to the FC27 family (Ifal, Ifa4) and 2 were of 
the 3D7 type (3D7320, 3D7&. The second baseline 
sample, B, showed the same alleles with the exception 
of Ifal, which was missing. All baseline genotypes had 
disappeared from subsequent samples (C and D), 
which both contained 2 new and distinctively different 
infections (Ifa40, 3D7340). By conventional microsco- 
py, these samples would have been identified as recru- 
descences and therefore treatment failures. 
Comparison of PCR-RFLP with two-loci genotyping 
In a previous study (BECK et al., 1997), genotyping 
results were available for both loci, msp2 genotyped by 
PCR-RFLP (BECK et al., 1997) and mspl (W. Huber, 
personal communication), which was genotyped for al- 
lelic family by family-specific nested PCR amplification 
as described by HUBER et al. (1998). A comparison of 
multiplicity obtained from each locus made it possible 
to assess the gain in resolution by genotyping an addi- 
tional locus. The analysis of mspl was based on the de- 
termination of allelic families only, size variations of the 
mspl PCR products not being considered. Only in 7 of 
269 infections did the additional mspl genotyping im- 
prove the resolution obtained by the msp2 PCR-RFLP 
method (Table 4). This increased resolution was due to 
one is highly unlikely (SMITH et al., 1999b). This fact al- 
lowed the use of msp2 as a marker to discriminate be- 
tween new I? falciparum infections and recrudescences 
in a drug trial (&ION et al., 1998). (ii) Besides informa- 
tion on-multiplicity of infection, further information 
about the biological role of MSP2 can be obtained from 
epidemiologicarstudies which involve msp2 as a marker 
gene, i.e., morbidity associations of certain msp2 alleles 
or an allelic family. 
When analysing genotyping data, it has to be remem- 
bered that there are intrinsic limitations of the PCR 
technique. It has to be noted that the number of concur- 
rent infections detected by PCR is always a minimum 
estimate of the number of different parasite clones 
which are present in a carrier. Some clones might be 
missed owing to the detection limit of the PCR tech- 
nique, which might miss infections of very low density, 
or to sequestration of parasites at the time of sampling, 
as shown by F~RNERT et al. (1997). Furthermore, 
CONTAMIN et al. (1995) showed that, in multiple infec- 
tions, the most abundant allele in a blood sample can 
sunnress the amolitication of an allele which is less 
abundant. Howe;er, statistical analyses of longitudinal 
data can be used to estimate the extent of such imper- 
fect sensitivity (SMITH et al., 1999b). Our knowledge of 
Table 4. Numbers of concurrent infections detected by genotyping mspl and msp2 of Plasmodium 
falciparum in 269 blood samples from Tanzania 
msp2 
1 2 3 4 5 6 7 
msp 1 
1 38 24 15 14 
:4 
4 3 
2 7a 15 20 17 13 16 
3 0 0 0 1 3 4 3 
aSamples in which genotyping for 2 loci resulted in a gain in the resolution of multiple infections. 
8 Total 
1 112 
23 143 
3 14 
infections defined as single clone infections by msp2 
PCR-RFLP tvnine. 7 of which were defined as mixed 
infections by mspl typing. In these cases, 2 different 
parasite clones shared the same msp2 allele or, at least, 
produced the same RFLP pattern. However, in all cases 
of multiple simultaneous infections, additional mspl 
typing did not increase the multiplicity of infection de- 
termined by msp2 PCR-RFLP genotyping. 
Discussion 
Genotyping I? falciparum field isolates is useful for a 
wide variety of applications. While we were mainly in- 
terested in detecting multiplicity of mixed clone infec- 
tions and in studying infection dynamics, other research 
applications could include finding markers for virulence 
or drug resistance. Since only limited amounts of blood 
are available in epidemiological studies, amplification of 
a marker sequence by PCR is the method of choice. Po- 
tential genotyping markers are sequences showing poly- 
morphism within a parasite population. Polymorphisms 
in both repetitive sequences and unique sequences have 
been used for genotyping (ROBERT et al., 1996). When 
polymorphic repetitive sequences are amplified by PCR, 
a clone-specific pattern of multiple bands is seen after 
senaratina the PCR nroducts on a nel. However. for the 
multiple concurrent-infections no&ally found in areas 
of high malaria transmission, these banding patterns are 
superimposed upon each other and become too com- 
plex to analyse. A range of unique DNA sequences, suit- 
able as polymorphic markers, is available in Z? 
falciparum because of its highly diverse surface antigens. 
The most promising marker for genotyping is the one 
showing the most extensive polymorphism. We chose 
msp2 as a marker gene for 2 reasons. (i) With 82 differ- 
ent alleles detected so far in Tanzania, msp2 offers the 
genetic diversity necessary to allow single locus geno- 
typing. The polymorphism is of such an extent that 
superinfection with the same genotype as the previous 
heterogeneities in densities of individual genotypes in 
multiple infections remains limited, and further devel- 
opment of quantitative genotyping techniques is needed 
to understand fully the interdependence in multiple 
clone infections. 
We are also aware that alleles resulting from recombi- 
nation between the allelic families remain undetected if 
no obvious alteration in the restriction patterns results. 
PCR amplification with mixed family-specific primers 
provided evidence for a high frequency of recombina- 
tion (NTOLJMI et al., 1997). This was not observed in 
our studies. A further limitation of genotyping by RFLP 
consists in sequence diversity located outside the re- 
striction sites. In order to test this, we have previously 
conducted single-strand conformation polymorphism 
(SSCP) experiments, using the FC27/DlO allele (de- 
fined by PCR-RFLP) from different isolates. We were 
not able to detect intra-allelic variation within 36 sam- 
ples (FELGER et aZ., 1997). In order to establish the full 
extent of sequence diversity in a marker gene, direct se- 
quencing is necessary. However, this is not feasible in 
epidemiological studies, and direct sequencing is not 
possible if multiple infections are simultaneously 
present. A more detailed critical evaluation of 
PCR-RFLP genotyping has been made by SNOUNOU & 
BECK (1998). 
In spite of the high resolution of PCR-RFLP geno- 
typing of msp2, there is an obvious inherent limitation in 
typing only one locus, since 2 infections sharing the 
same msp2 allele will be determined as one. However, 
by taking into account the allele frequencies, it is possi- 
ble to estimate the true average number of concurrent 
infections with allowance for multiple infection with the 
same genotype (HILL & BAEUKJSR, 1995). Analysing 
data from our Kilombero studies in this way, we esti- 
mated that the unadjusted infection multiplicity deter- 
mined by PCR-RFLP genotyping of msp2 only slightly 
underestimated the true number of infections. For in- 
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stance, in our largest study to date (FRASER-HURT et 
al., 1999), the average number of genotypes detected 
was 2.93 while analysis with the method of HILL & BA- 
BIKER (1995) (assuming a conditional Poisson distribu- 
tion for the multiplicity) gave an estimate of the true 
multiplicity of 3.0 1. 
An alternative to the use of a very high resolution typ- 
ing system for a single locus is to analyse several differ- 
ent loci with lower resolution for each individual locus. 
However, comparison of results obtained by PCR- 
RFLP genotyping of msp.2 with results from genotyping 
of mspl allelic families revealed that the additional locus 
did not contribute much to the determination of multi- 
plicity. Typing mspl improved the resolution of PCR- 
based genotyping only in 2.6% of the samples, all of 
which appeared to be single infections with respect to 
msp2, but were shown to be double infections with re- 
spect to mspl. We therefore concluded that, in Tanza- 
nian blood samples, with an average of 5 detected 
infections per child, the single locus PCR-RFLI? typing 
using msp2 has adequate discriminatory power. 
There are some purposes for which multilocus typing 
is necessary, for instance studies of linkage disequilibri- 
um, searching for markers of virulence or pathogenicity, 
or checking whether factors modifvina parasite multi- 
plicity or diversity selectively affect pa&&lar loci (e.g., 
locus-specific effects of a vaccine). HILL & BABIKER 
(1995) also described how the mian multiplicity in a 
population can be estimated from such multilocus typ- 
ing data. Using this method, BABIKER et al. (1997) esti- 
mated the mean multiplicity in 53 samples from 
Michenga village in Tanzania to be 3.3, based on data 
generated by hybridization of oligonucleotide probes 
specific for allelic families to blotted PCR products of 
the 2 loci mspl and msp2. While this result was very sim- 
ilar to direct estimates of multiplicity for this area from 
PCR-RFLP genotyping of msp2 alone (SMITH et al., 
1999a), the multilocus approach has several disadvan- 
tages when the objective is to relate the number of infec- 
tions in a host to individual characteristics such as age, 
morbidity risks, or risk factors for infection. It is much 
more straightforward to analyse relationships of other 
variables with multiplicity when it is measured by a sin- 
gle number, and the HILL & BABIKER (1995) approach 
does not lend itself to providing estimates of multiplicity 
for individual carriers. Moreover, the estimates of mul- 
tiplicity depend on assumptions about the population 
structure of the parasite. 
The analysis of studies involving longitudinal track- 
ing of individual infections is also much more straight- 
forward if high resolution single-locus typing is used. 
Such applications include comparisons of baseline and 
recrudescent genotypes in vaccine or drug trials in order 
to distinguish treatment failure from reinfection (IRION 
et al., 1998; SNOUNOU & BECK, 1998), and studies of 
infection dynamics (SMITH et al., 1999b). High resolu- 
tion typing of a single locus gives rise directly to patterns 
of appearance and disappearance of individual infec- 
tions. In contrast, multi-locus genotypes of individual 
parasite clones cannot be identified in multiple infec- 
tions, since the marker genes used to date are unlinked. 
Hence longitudinal studies using multilocus genotyping 
in areas of high parasite multiplicity can give rise to pat- 
terns which are difficult to interpret. 
The extreme genetic polymorphism detected in par- 
ticular in mspd, but also in other surface antigens of 
Plasmodium spp., raises further questions. For example, 
do individual alleles persist in time and space, or are 
new forms generated constantly de novo? A third possi- 
bility consists of a combination of both alternatives: a 
panel of defined conserved alleles plus newly generated 
ephemeral genotypes. Questions about the molecular 
evolution of msp2 alleles have been addressed (CON- 
WAY, 1997; FELGER et al., 1997), but not yet fully ans- 
wered. Nucleotide sequence comparisons between alle- 
les of distant geographical origin indicated that alleles 
persist (DOBANO et al., 1997). A large body of informa- 
tion on msp2 genotypes is now available from the 4 stud- 
ies summarized here, which we have conducted in 
Ifakara and the Kilombero valley, Tanzania, in different 
years, using the same PCR-RFLP method for genotyp- 
ine. The diversitv of msa2 was similar in all 4 studies. 
T&s suggests tha;, thouih the genetic diversity is exten- 
sive, it is nevertheless limited by structural constraints 
or immune selection. This hypothesis has been previ- 
ously proposed for the FC27-type alleles (FELGER et al., 
1997). Our molecular epidemiological studies (listed in 
Table 1) clearly showed that most of the alleles, in par- 
ticular the most frequent ones, were found in all studies 
at comparable prevalence (data not shown). The fact 
that some rare alleles were not found in all studies might 
be due to sampling variation, which might miss alleles 
of low frequency. Alternatively, it could indicate that 
these rare alleles existed only for a short time. Even in 
studies comparing genotypes found in PNG and Tanza- 
nia, no major difference was observed, except for the 
group of new FC27-type alleles containing different 
numbers of a new 9 bp repeat unit, which was not de- 
tected in PNG. This extensive but restricted diversity 
might be due to functional constraints of MSP2 and 
might therefore help to elucidate the biological role of 
this molecule. 
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